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ABSTRACT
By using a non-local and time-dependent convection theory, we have calculated radial
and low-degree non-radial oscillations for stellar evolutionary models with M = 1.4–
3.0M. The results of our study predict theoretical instability strips for δ Scuti and
γ Doradus stars, which overlap with each other. The strip of γ Doradus is slightly
redder in colour than that of δ Scuti. We have paid great attention to the excitation
and stabilization mechanisms for these two types of oscillations, and we conclude that
radiative κ mechanism plays a major role in the excitation of warm δ Scuti and γ
Doradus stars, while the coupling between convection and oscillations is responsible
for excitation and stabilization in cool stars. Generally speaking, turbulent pressure is
an excitation of oscillations, especially in cool δ Scuti and γ Doradus stars and all cool
Cepheid- and Mira-like stars. Turbulent thermal convection, on the other hand, is a
damping mechanism against oscillations that actually plays the major role in giving
rise to the red edge of the instability strip. Our study shows that oscillations of δ Scuti
and γ Doradus stars are both due to the combination of κ mechanism and the coupling
between convection and oscillations, and they belong to the same class of variables at
the low-luminosity part of the Cepheid instability strip. Within the δ Scuti–γ Doradus
instability strip, most of the pulsating variables are very likely hybrids that are excited
in both p and g modes.
Key words: convection – stars: interiors – stars: oscillations – stars: variables: δ
Scuti – stars: variables: γ Doradus
1 INTRODUCTION
On the Hertzsprung–Russell (H–R) diagram, the diagonal
Cepheid instability strip intersects with the main sequence
(MS) at A–F dwarfs, along which a few types of classical
variables are confined: Cepheids of Population I and II are
located in the upper parts, RR Lyrae stars are in the mid-
dle part, while δ Scuti stars and white dwarfs are found near
the MS and even lower luminosities. All of them are excited
by κ mechanism due to the ionization zones of hydrogen
and helium. The overall properties for variables in the strip
are that giants tend to pulsate in a single or a few low-order
radial modes with large amplitudes, while dwarfs usually os-
cillate in multiple radial and non-radial modes with rather
small amplitudes. Only very few of δ Scuti stars have rel-
atively large amplitude in radial modes. High-amplitude δ
Scuti stars are normally slow rotators (v sin i ≤ 30 km s−1),
while other stars in the same region of H-R diagram nor-
mally have high rotation speed (v sin i ∼ 150 km s−1). It is
believed that rotation is responsible for the existence of two
types of δ Scuti stars. Whether this is true or not is still to
be solved.
The study of δ Scuti stars has a history of over a hun-
dred years since the first discovery by Campbell & Wright
(1900). Research in this field has been largely boosted since
the success of helioseismology, and it has then been the first
objective in asteroseismology therefore has made a great leap
forward. The earlier work has been intensively reviewed by
Breger (2000). In contrast to that, the study of γ Doradus
stars, only 20 yr after officially classified (Balona, Krisciunas
& Cousins 1994), has just been started. On the H–R dia-
gram, they are a group of variable stars attached to the low-
temperature region outside the red edge of the δ Scuti strip,
being the first class of g-mode oscillators in the Cepheid in-
stability strip. The so-called convective blocking (Guzik et
al. 2000) is believed to be the excitation mechanism of oscil-
lations, with the original idea coming from the hypothesis of
‘frozen-in convection’ (Warner, Kaye & Guzik 2003). How-
ever, such a hypothesis can never give rise to the red edge
of the instability strip theoretically. Using a time-dependent
mixing-length theory, it was confirmed that convective flux
c© 2015 The Authors
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blocking could be the driving mechanism in γ Doradus stars,
given the mixing-length parameter was fine-tuned (Dupret
et al. 2005).
Convection drives transportation of energy and momen-
tum in stellar interiors, and therefore affects the structure
and oscillation stabilities. For low-temperature stars with ex-
tended convective envelope, convection overtakes radiation
and becomes the major play of energy transportation. The
dynamic and thermodynamic couplings between convection
and oscillations become the major mechanisms of excita-
tion and damping against oscillations. Based on hydrody-
namic equations and the theory of turbulence, we developed
a non-local and time-dependent theory of convection (Xiong
1989; Xiong, Cheng & Deng 1997; Xiong, Deng & Zhang
2015). The current paper is the second of the series of work
on turbulent convection and stability of pulsating stars. In
this work, we calculated linear non-adiabatic oscillations in
radial and low-degree (l = 1–4) non-radial modes for evo-
lutionary models of 1.4–3.0 M stars, from which the blue
and red edges of δ Scuti and γ Doradus stars were defined.
Such calculations also facilitate studies of the properties of
the strips and the relation between them. The Kepler mis-
sion provided high-precision photometry in continuous long
time baseline for over 100 000 stars, among which about 1500
new δ Scuti and γ Doradus stars were discovered. This high-
precision sample not only greatly enhanced the data base,
but also offers a best opportunity for the studies of the two
types of variables (Balona & Dziembowski 2011; Balona et
al. 2011). In Section 2, we discuss the general properties of
linear non-adiabatic oscillations in our theoretical scheme.
The theoretical instability strips of δ Scuti and γ Doradus
stars defined based on our calculations are presented in Sec-
tion 3. Thorough statistics of the observational properties of
these variables and comparison with existing theoretical re-
sults are given in Section 4. The excitation and stabilization
mechanisms and related problems are discussed in Section 5.
The work is then summarized together with some discussions
in the last section.
2 CALCULATIONS OF LINEAR
NON-ADIABATIC OSCILLATIONS FOR
EVOLUTIONARY MODELS OF STARS
In the first paper of this series (Xiong et al. 2015, P1 here-
after), starting from hydrodynamic equations and using the
classical Reynolds method for turbulence and other achieve-
ments in this field, we derived a set of average hydrodynamic
equations and a set of dynamic equations of auto- and cross-
correlation functions of turbulent velocity and temperature.
Combination of the two sets forms complete and closed dy-
namic equations that are ready for calculations of stellar
structure and oscillations (equations (33)–(41) in P1). Ap-
plying the equations, we calculated linear non-adiabatic os-
cillations in radial (p0–p39) and low-degree (l=1–4) non-
radial g29–p29 modes of evolutionary stellar models from
zero-age main sequence (ZAMS) to red giant branch (RGB)
for stars with M=1.4–3.0 M. All the numerical work is di-
vided into three categories in the following.
(i) Stellar evolutionary models: evolutionary tracks of
stars with M = 1.4–3.0 M, abundance X = 0.70, Z = 0.02
with solar metal mixture (Grevesse & Noels 1993), and an
overshooting parameter lov = 0.5HP were followed from
ZAMS to RGB using Padova code (Bressan et al. 1993, with
updated input physics).
(ii) Calculations of equilibrium models of non-local con-
vective stellar envelopes.
The primary excitation and damping come from the outer
convective stellar envelopes, those coming from the core re-
gions hardly contribute. The main goal of the current work
is to study the stability of stellar oscillations, therefore, it
is efficient and equivalent to calculate only the convective
envelopes compared with full-scale stellar models. Setting
all the terms containing velocity ui and its time derivatives
in the dynamic equations for calculations of stellar structure
and oscillations to zeros, we can have a set of 12 equations to
calculate stellar envelope structure in non-local convection.
Under local convection theory, the envelope structure of
stars can be dealt with by a set of four normal differential
equations as an initial value problem. Given the temperature
T , pressure P , radius r, and luminosity Lr at the surface
Mr = M0, one can integrate inwards to a pre-set bottom
boundary at Mr = Mb. In dealing with the envelope struc-
ture under non-local convection, however, convection quan-
tities all have boundary conditions at both the surface and
bottom, therefore, it is a boundary problem of a set of 12
normal differential equations. The upper boundary is set at
a layer with shallow enough optical depth, say τ0 = 10
−3
for instance, in our calculations. While at the surface, (r,
T , P , Lr)0 are given by iteration method, which make the
following equation hold for the photosphere (τ = 2/3):
L = 4pir2phσT
4
e , (1)
where Te is the effective temperature, rph is the radius
(τ = 2/3) of the photosphere. The lower boundary of the
envelope models, on the other hand, is set at a deep enough
layer where the temperature is about 8×106 K or fractional
radius rb/R0 ∼ 0.03–0.05, so that the envelope model has
its both boundaries sitting in the overshooting regions and
all the convective unstable zones are included. The bound-
ary conditions for the convection quantities are then derived
using the asymptotic analysis of convective overshooting
(Unno, Kondo & Xiong 1985; Deng, Xiong & Chan 2006).
The boundary problem of the current set of normal differ-
ential equations adopted the Henyey’s algorithm (Henyey,
Forbes & Gould 1964), which needs initial testing solutions.
The initial testing solutions are provided in the following
way: starting from a local convection theory, an envelope
model is constructed in which convection quantities vanish
in the local convective stable zones; the solutions are then
expanded to overshooting zones using the properties of the
analytical asymptotic solution of non-local convective over-
shooting, such that a quasi-non-local convection model is
built and then applied as the initial solutions in the Henyey
iterative process.
There is a singularity in computational mathematics sense
emerging in the equations of convective envelope under non-
local convection theory, which makes the initial testing solu-
tions very delicate, or say the convergence domain is made
rather small. As a result, special care is needed in getting the
right numerical solutions. Just as we demonstrated in P1,
using the quasi-anisotropic convection model (QACM) to
replace the completely anisotropic convection model (ACM)
is in fact very practical. In terms of both thermal (T–P )
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structure and the fields of turbulent velocity and tempera-
ture, QACM and ACM are very close (see Figs. 4 and 5 in
P1). Non-adiabatic stellar oscillations are calculated using
both ACM and QACM as equilibrium solutions, the results
delivered in the two schemes are nearly identical (see Figs.
6 and 7 in P1). Although there are only 2 equations less
in QACM compared to that in ACM, the former behaves
far better in terms of stability and convergence, therefore is
highly recommended in practice.
(iii) Calculations of the linear non-adiabatic oscillations
of equilibrium models of stars (ACM/QACM)
Linearizing the dynamic equations for calculations of stel-
lar structure and oscillations (equations (33)–(41) in P1),
we have the equations for linear non-adiabatic oscillation
calculations. For radial oscillations of stars, this is a set of
12 linear differential equations of complex quantities, while
for non-radial oscillations it becomes 16. Henyey’s method
is also applied in the integrations of the linear non-adiabatic
oscillations. Boundary conditions at the surface and bottom
are given by Unno et al. (1989), and convective boundary
conditions are based on the asymptotic solutions of convec-
tive overshooting (Xiong, Cheng & Deng 1998). In our non-
local and time-dependent convection theory, the trouble-
some spatial oscillations of thermal variables in the calcula-
tion of non-adiabatic oscillations using local time-dependent
convection theories (Keeley 1977; Baker & Gough 1979;
Gonczi & Osaki 1980) are largely suppressed or even com-
pletely eliminated.
3 INSTABILITY STRIPS FOR δ SCUTI AND γ
DORADUS STARS
Using the numerical scheme described in previous section,
we calculated radial and low-degree (l = 1–4) non-radial
oscillations of stars with M = 1.4–3.0 M from ZAMS up
to red-giant phase. In the context of the current work, we
present results only for models before entering the giant
phase, i.e. log Te ≥ 3.7. The results of RGB phase are re-
lated to oscillations of different types of stars and will be
presented in a further work which is still in progress.
A slightly modified version of MHD equation of state
(Hummer & Mihalas 1988; Mihalas, Da¨ppen & Hummer
1988; Da¨ppen et al. 1988), and OPAL tabular opacity
(Rogers & Iglesias 1992) complemented by low-temperature
tabular opacity (Alexander & Ferguson 1994) have been
adopted.
3.1 The δ Scuti instability strip
Fig. 1 shows the distributions of the theoretical radial (l = 0;
panel a) and non-radial (l = 2; panel b) stable (small dots)
and unstable (other symbols) p modes on the H-R diagram.
The dashed and solid lines are the blue and red edges of the
δ Scuti instability strip from our calculations, which can be
described by two lines approximately as the following.
For low-order radial modes (p0–p6),
blue edge : log Tb = 3.910− 0.040
(
log
L
L
− 1.0
)
+ 0.02 exp
[
−7
(
log
L
L
− 1.6
)2]
, (2a)
red edge : log Tr = 3.770− 0.065
(
log
L
L
− 1.0
)
; (2b)
and for low-order non-radial modes (f–p6),
blue edge : log Tb = 3.910− 0.040
(
log
L
L
− 1.0
)
+ 0.02 exp
[
−7
(
log
L
L
− 1.5
)2]
, (3a)
red edge : log Tr = 3.775− 0.060
(
log
L
L
− 1.0
)
. (3b)
3.2 The γ Doradus instability strip
Fig. 2 depicts the distributions of pulsationally stable (small
dots for g1–g5) and unstable (other symbols) low-order g
modes with l = 2 on the H-R diagram. The dashed and
solid lines are the corresponding blue and red edges of the
instability strip for f–g9 modes that can be represented ap-
proximately by two straight lines (independent of l):
blue edge : log Tb = 3.895− 0.040
(
log
L
L
− 1.0
)
, (4a)
red edge : log Tr = 3.740− 0.060
(
log
L
L
− 1.0
)
. (4b)
The dotted lines are the blue and red edges of the insta-
bility strip for low-order non-radial p modes as in Fig. 1b.
Just as indicated by observations that δ Scuti and γ Doradus
instability strips actually overlap partially on the colour-
magnitude diagram, with the later being slightly redder sys-
tematically. Kepler observations reveal the fact that p and g
modes are actually co-existing in these variable stars, there-
fore they are δ Scuti-γ Doradus twins. Such a fact gives a
clearance for the conjecture that stars in this instability re-
gion are cousins or twins with both δ Scuti and γ Doradus
properties suggested by ground-based observations for a long
time.
3.3 Dependence of pulsation instability on l
Fig. 3 presents the pulsation amplitude growth rate η as a
function of frequency ν of low-degree modes for the model
of a δ Scuti and γ Doradus star (M = 1.8 M, logL/L =
1.3326, and log Te = 3.8188). It is clear from Fig. 3 that the
pulsation amplitude depends primarily on the frequency of
the mode, and has little response with changing l. In this
work, modes with l = 1–4 are considered, but the results
may also hold for high-degree modes. For solar oscillations in
our previous work, similar results were concluded for l = 1–
25 (Xiong & Deng 2010). The reason is that the distribution
of pulsation amplitude, i.e. the eigen-amplitude function, is
nearly the same for given frequencies with different l.
MNRAS 000, 1–16 (2015)
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Figure 1. Pulsationally stable and unstable low-order p modes
on the H-R diagram. The small dots represent pulsationally stable
modes; the open circles, triangles, inverse triangles, squares, and
plus signs are the unstable modes. The dashed and solid lines are
respectively the theoretical blue and red edges of the instability
strip for low-order modes. Panel a: radial modes. Panel b: non-
radial modes with l = 2. The dotted lines in panel b are the
theoretical blue and red edges of the radial modes as in panel a.
3.4 Dependence of pulsation stability on the
radial order n of oscillation modes
Fig. 4 shows the distribution of pulsationally stable (small
dots) and unstable (open circles) modes in the n–log Te plane
calculated for the evolutionary sequence of a 2.0 M star,
where n = np − ng is the radial order, and np and ng are
respectively the p-mode and g-mode node number (Unno et
Figure 2. Pulsationally stable and unstable g modes on the H-
R diagram for l = 2. The small dots are the stable f–g5 modes.
The open circles, triangles, inverse triangles, squares, and plus
signs are the unstable f–g9 modes. The dashed and solid lines are
respectively the theoretical blue and red edges of the instability
strip for the f–g9 modes. The dotted lines are the theoretical blue
and red edges for low-order non-radial p modes.
Figure 3. Pulsation amplitude growth rate η versus the oscilla-
tion frequency ν for a stellar model (M = 1.8 M, logL/L =
1.3326, log Te = 3.8188). The circles, triangles, crosses, and
squares are respectively the non-radial oscillation modes with
l = 1–4.
MNRAS 000, 1–16 (2015)
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Figure 4. Pulsationally stable (small dots) and unstable (open
circles) modes in the n–log Te plane for the evolutionary models of
a 2.0 M star, where n = np−ng is the radial order of oscillation
modes, and np and ng are respectively the node number for p and
g modes (Unno et al. 1989). The size of the circles is proportional
to the amplitude growth rate.
al. 1989). n = 0 is the fundamental mode, n > 0 is for p
modes, and n < 0 is for g modes. The size of the circles
is proportional to the amplitude growth rate in logarithmic
scale. As one can see from Fig. 4, the blue and red edges
of the instability strip are slowly shifting to the blue for
higher radial order (larger n). Fig. 5 demonstrates the red
edge of unstable region log Tr as a function of radial order n
for evolutionary models of stars with M = 1.6 M, 1.8 M,
and 2.0 M. From Figs. 4 and 5, we can clearly see that
the red edge of the instability strip varies with the radial
order of modes. It reaches the reddest at n ∼ −5–−6, and
then moves towards blue when oscillations shift to higher-
or lower-order modes.
4 COMPARISON BETWEEN OUR
THEORETICAL RESULTS AND OTHER
EARLIER WORK, AND OBSERVATIONS
From ground-based observations, the instability strips of δ
Scuti and γ Doradus stars are well defined. In Fig. 6, the
open squares represent a subset of δ Scuti stars from the
catalogue by Rodr´ıguez, Lo´pez-Gonza´lez & Lo´pez de Coca
(2000), with parameters derived from Stro¨mgren photome-
try; the asterisks represent confirmed γ Doradus field stars
compiled by Henry, Fekel & Henry (2011). The Padova evo-
lutionary tracks (thin dotted lines) and ZAMS (long-dashed
line) are also shown. As can be seen, δ Scuti stars are rela-
tively hot, with masses greater than 1.5 M, while γ Doradus
stars are confined to a small region at lower temperatures
near ZAMS. Although the two instability strips overlap, δ
Scuti/γ Doradus hybrids from ground-based observations
Figure 5. The red edge of instability strip versus the radial order
of oscillation modes for evolutionary models with M = 1.6 M
(dotted line), 1.8 M (dashed line), and 2.0 M (solid line).
are rare. The filled circles in Fig. 6 are the only three hy-
brid stars/candidates detected from the ground (Henry et
al. 2011).
The theoretical blue edge of the instability strip of δ
Scuti stars has been determined by many authors. The solid
line in Fig. 6 shows the result of Pamyatnykh (2000) for ra-
dial p1–p8 modes with the mixing-length parameter α = 1.0.
However, the red edge could not be determined using the
assumption of frozen-in convection. By taking into account
the interaction between convection and oscillations, the the-
oretical red edge has been successfully modelled by Houdek
(2000), Xiong & Deng (2001) and Dupret et al. (2005). Al-
though different physical mechanisms were found responsi-
ble for stabilizing pulsation, they obtained comparable re-
sults that matched observations (Xu et al. 2002; Houdek
2008). In Fig. 6, the dashed lines mark the theoretical insta-
bility strip of δ Scuti stars derived by Xiong & Deng (2001)
for f–p8 modes, and the dotted lines represent the results of
Dupret et al. (2005) for p1–p7 modes with α = 1.8.
Dupret et al. (2005) also derived the theoretical γ Do-
radus instability strip, which was found to be very sensitive
to the adopted α value. Their results with α = 2.0 (dash-
dotted lines in Fig. 6) matched observations best. Hybrid
stars were predicted in the overlapping region between the δ
Scuti and γ Doradus instability strips. In Fig. 2, our calcula-
tions show that the instability strip of γ Doradus stars and
the overlapping region are much broader. Stars are expected
to pulsate simultaneously in p modes and g modes within a
large range of Te.
In the past few years, photometric observations from
space missions, especially CoRoT and Kepler, have greatly
improved our understanding of the seismic properties of δ
Scuti and γ Doradus stars. The continuous observations
with micro-magnitude precision have delivered seismic data
MNRAS 000, 1–16 (2015)
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Figure 6. H-R diagram of δ Scuti (open squares), γ Doradus (as-
terisks), and hybrid (filled circles) stars from ground-based obser-
vations. The long-dashed line is ZAMS, and the thin dotted lines
are evolutionary tracks with masses denoted. The solid line is the
theoretical blue edge of the δ Scuti instability strip derived by
Pamyatnykh (2000). The dashed lines represent the instability
strip of δ Scuti stars by Xiong & Deng (2001). The dotted and
dash-dotted lines are respectively the instability strips of δ Scuti
and γ Doradus stars by Dupret et al. (2005).
of unprecedented quality. Analysis of these data shows the
existence of δ Scuti and γ Doradus stars beyond both the
blue and red edges of the instability strips (Grigahce`ne et
al. 2010; Uytterhoeven et al. 2011; Hareter 2012; Sarro et
al. 2013). Moreover, hybrid stars are common; almost all δ
Scuti and γ Doradus stars show hybrid behaviour to some
extent (Grigahce`ne et al. 2010; Balona 2014).
Uytterhoeven et al. (2011) analysed the light curves of
all the stars that had been labelled as δ Scuti or γ Doradus
candidates in the Kepler Asteroseismic Science Operations
Centre database. They identified 206 δ Scuti stars, 100 γ
Doradus stars, and 171 hybrid stars. Fig. 7a shows the dis-
tribution of these stars on the H-R diagram using revised
stellar parameters (Huber et al. 2014). It is clear from Fig. 7a
that δ Scuti and γ Doradus stars are no longer confined to
previous instability strips as determined from ground-based
observations. Especially, γ Doradus and hybrid stars occupy
a much more extended region, consistent with our results.
There are only a few stars in the low-temperature area
in Fig. 7a. This is mostly caused by the systematic under-
estimation of Te in the Kepler Input Catalog (Brown et al.
2011), which was used in the target selection. Bradley et
al. (2015) analysed 2,768 relatively faint stars in the Kepler
field, and found many cool δ Scuti, γ Doradus, and hybrid
stars, as shown in Fig. 7b. The lower Te limit in their target
selection was 6,200 K. The existence of δ Scuti/γ Doradus
oscillations beyond this limit needs further investigation.
In Fig. 7, γ Doradus stars are in general more concen-
trated at lower Te compared with δ Scuti stars. There are
stars, mostly of δ Scuti type, that are hotter than the blue
Figure 7. H-R diagram of δ Scuti (open squares), γ Doradus
(asterisks), and hybrid (filled circles) stars in the Kepler field
identified by Uytterhoeven et al. (2011; panel a) and Bradley et
al. (2015; panel b). The long-dashed line is ZAMS, and the thin
dotted lines are evolutionary tracks with masses denoted. The
solid and dashed lines are respectively the instability strips of δ
Scuti and γ Doradus stars in this work. The dotted and dash-
dotted lines are respectively the instability strips of δ Scuti and
γ Doradus stars by Dupret et al. (2005).
edges of the instability strips. Fig. 8a shows the theoretical
amplitude growth rate η of p modes as a function of effective
temperature for different stellar masses. It is clear that the
peak of η moves towards lower Te as M increases. There are
still modes with η > 0 beyond the plotted blue edge, but
the amplitude growth rate is generally two orders of mag-
nitude smaller than the peak value. This explains why they
have not been observed from the ground. As discussed in
Section 3.4, the instability strip moves towards higher tem-
MNRAS 000, 1–16 (2015)
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Figure 8. Theoretical amplitude growth rate as a function of ef-
fective temperature for p modes (panel a) and g modes (panel b)
of evolutionary models with M = 1.6 M (circles), 1.8 M (trian-
gles), 2.0 M (inverse triangles), 2.25 M (squares), and 2.5 M
(pluses).
peratures with increasing radial order. The results of Pamy-
atnykh (2000) and Dupret et al. (2005) showed the same ten-
dency. Therefore these hot stars are most likely pulsating at
high radial orders. Balona and Dziembowski (2011) identi-
fied 1,568 δ Scuti stars in the Kepler field. Their calculations
show that many hot δ Scuti stars in the Kepler field are pul-
sating in overtones as high as radial order 8. Their analysis
shows that both the observed frequency of maximum ampli-
tude and frequency range increase towards higher Te (Figs.
2 and 3 in their paper). Our results of the frequency with
Figure 9. Frequency with highest amplitude growth rate of low-
degree p modes as a function of effective temperature for theoreti-
cal δ Scuti models with M = 1.6 M (circles), 1.8 M (triangles),
2.0 M (inverse triangles), and 2.25 M (squares).
Figure 10. Theoretical frequency range of unstable modes for
low-degree p modes as a function of effective temperature for
stellar models with M = 1.6 M (circles), 1.8 M (triangles),
2.0 M (inverse triangles), and 2.25 M (squares).
MNRAS 000, 1–16 (2015)
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Figure 11. Panel a: observed period range of Kepler γ Dorudas
stars as a function of effective temperature. The red lines are γ
Dorudas stars identified by Uytterhoeven et al. (2011), and the
blue lines are γ Dorudas stars identified by Bradley et al. (2015).
Panel b: theoretical periods of low-degree g modes as a function
of effective temperature for stellar models with M=1.6 M (cir-
cles), 1.8 M (triangles), 2.0 M (inverse triangles), and 2.25 M
(squares).
highest amplitude growth rate (Fig. 9) and frequency range
(Fig. 10) as a function of Te show the same trend. Balona
and Dziembowski (2011) calculated linear non-adiabatic os-
cillations for stellar models using standard frozen-in convec-
tion. They reached the same conclusion on the frequency
with highest growth rate, but failed to predict the observed
distribution of frequency range.
Figure 12. Theoretical frequency (panel a) and pulsation con-
stant (panel b) as a function of effective temperature for unsta-
ble g (pluses) and p (circles) modes in g20–p29 for models of
M = 1.6 M (red), 1.8 M (blue), 2.0 M (green), and 2.25 M
(magenta).
Fig. 8b shows the theoretical amplitude growth rate of g
modes as a function of effective temperature. Like in Fig. 8a,
η peaks at log Te ≈ 3.8. The results of Balona et al. (2011)
on γ Doradus stars in the Kepler field showed that the am-
plitudes of the dominant periodic component have similar
distribution but centre at higher temperature (Fig. 7 in their
paper).
Fig. 11a shows the period range of Kepler γ Doradus
stars as a function of effective temperature. The γ Doradus
stars identified by Uytterhoeven et al. (2011) and Bradley et
MNRAS 000, 1–16 (2015)
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al. (2015) are shown in red and blue, respectively. Fig. 11b
shows the theoretical periods of unstable g1–g20 modes as
a function of effective temperature. From the comparison of
Figs. 11a and b, we can see that the theoretical unstable
g modes cover the main period range of Kepler γ Doradus
stars. In this work, the mode search is almost complete for
g1–g20 modes (see Fig. 4).
Fig. 12 shows the theoretical frequency ν (panel a) and
pulsation constant Q (panel b) as a function of effective tem-
perature for unstable g (pluses) and p (circles) modes in
g20–p29. Stellar models with M = 1.6 M, 1.8 M, 2.0 M,
and 2.25 M are shown in red, blue, green, and magenta,
respectively. In Fig. 12a, unstable g modes largely cover the
observed frequency range of γ Doradus stars, and unstable p
modes are in consistent with the observed frequency range of
δ Scuti stars. For stellar models of the same mass, unstable g
and p modes are detached in the log ν−log Te diagram. How-
ever, for models of different masses, the frequencies of un-
stable g and p modes partially overlap. In the logQ− log Te
plane (Fig. 12b), unstable g and p modes become completely
separated. For unstable g modes, Q & 0.04 d, corresponding
to γ Doradus stars, while for unstable p modes, Q . 0.04 d,
corresponding to δ Scuti stars.
5 EXCITATION AND STABILIZATION
MECHANISMS FOR δ SCUTI AND γ
DORADUS STARS
5.1 Analysis of accumulated work
Accumulated work is a simple but efficient way to probe ex-
citation and stabilization mechanisms. Figs. 13–14 show the
accumulated work as a function of depth (logP ) in p3 (panel
a in each figure) and g2 modes (panel b) respectively in the
models of a 2.0 M star at two temperatures log Te = 3.8329
and 3.7579. Where the solid lines are the total accumulated
work, W = WPg +WPt , the long-dashed and dotted lines are
the gas pressure and turbulent pressure components (Xiong
& Deng 2010), defined as,
WPg = −
pi
2Ek
∫ M0
0
Im
{
P¯
ρ¯
δP¯
P¯
δρ¯∗
ρ¯
}
dMr, (5)
WPt =−
pi
2Ek
∫ M0
0
Im
{
2x2
δx
x
δρ¯∗
ρ¯
− χ11
(
δρ¯
ρ¯
+
δχ11
χ11
)
×
[
d
d ln r
(
δr∗
r
)
+
l (l + 1)
2
δr∗h
r
]}
dMr, (6)
where
Ek =
1
2
∫ M0
0
ω2
[
δr2 + l (l + 1) δr2h
]
dMr. (7)
The gas pressure component of accumulated work WPg
contains radiative and convective energy transfer, as well
as the contributions due to the conversion between pulsa-
tional and turbulent kinetic energy caused by deformation
and shear in fluids. Linearization of equation (35) in P1, it
is trivial to derive,
δP¯
P¯
=Γ1
δρ¯
ρ
+
Γ3 − 1
P¯
{
ρ¯x2
(
δρ¯
ρ¯
− 3δx
x
)
− ρ¯χ11
[
d
d ln r
(
δr
r
)
+
l(l + 1)
2
δrh
r
]
− 1
4pir3iω
[
d
d ln r
(L′r + L
′
c + L
′
t)
− l(l + 1)(L′r,h + L′c,h + L′t,h)
]}
, (8)
where δr and δrh are respectively the radial and horizon-
tal components of oscillations, while (L′r + L
′
c + L
′
t) and(
L′r,h + L
′
c,h + L
′
t,h
)
are respectively the radial and horizon-
tal components of radiative flux, convective energy flux and
turbulent kinetic energy flux. Inserting equation (8) into
equation (5), WPg can then be rewritten as,
WPg =
pi
2Ek
∫ M0
0
Im
{
3(Γ3 − 1)x2 δx
x
δρ¯∗
ρ¯
+ (Γ3 − 1)χ11 δρ¯
∗
ρ¯
[
d
d ln r
(
δr
r
)
+
l(l + 1)
2
δrh
rh
]}
dMr
− pi
2Ek
∫ M0
0
Re
{
Γ3 − 1
4pir2ρ¯ω
[
d
d ln r
(L′r + L
′
c + L
′
c)
− l(l + 1)(L′r,h + L′c,h + L′t,h)
]
δρ¯∗
ρ¯
}
dMr. (9)
The first integral in equation (9) represents transforma-
tion between oscillation kinetic and thermal energy caused
by deformation and shear motion of fluids, which is, when
combined with WPt of equation (6), the dynamical coupling
between convection and oscillations,
Wdyn =
pi
2Ek
∫ M0
0
Im
{
(5− 3Γ3)x2 δx
∗
x
δρ¯
ρ
+
(
Γ3
δρ¯∗
ρ¯
+
δχ11
∗
χ11
)[
d
d ln r
(
δr
r
)
+
l(l + 1)
2
δrh
r
]}
dMr. (10)
While the second integral in equation (9) expresses the
contributions due to radiative and convective energy trans-
fer,
WLr =−
pi
2Ek
∫ M0
0
Re
{
Γ3 − 1
4pir3ρ¯ω
[
dL′r
d ln r
− l(l + 1)L′r,h
]
δρ¯∗
ρ¯
}
dMr, (11)
WLc,t =−
pi
2Ek
∫ M0
0
Re
{
Γ3 − 1
4pir3ρ¯ω
[
d
d ln r
(L′c,h + L
′
t,h)
− l(l + 1)(L′c,h + L′t,h)
]
δρ¯∗
ρ¯
}
dMr. (12)
The first term in equation (10) is the isotropic compo-
nent of Reynold’s stress tensor, i.e. the contribution of tur-
bulent pressure. Notice that 5−3Γ3 > 0 and Im
{
δx∗
x
δρ¯
ρ¯
}
=∣∣ δx
x
∣∣ ∣∣∣ ρ¯ρ¯ ∣∣∣ sin (φδρ − φδx) > 0, therefore the turbulent pres-
sure is always an excitation of oscillations. On the contrary,
in the deep interiors of convective zone, convective energy
transfer (the thermodynamic coupling between convection
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and oscillations) is a damping against oscillations in gen-
eral. This is because of the fact that Lc = 4pir
2ρ¯C¯P T¯ V
(where V = w′rT ′/T¯ is the turbulent velocity–temperature
correlation), so that
L′c =Lc[(A+ CP,P )P¯
′/P¯ + (1−B + CP,T )T¯ ′/T¯
+ V ′/V ]. (13)
Due to the inertia of convective motions, it always lags be-
hind density, therefore WLc,t < 0 normally holds, i.e. the
convective energy transfer (or say thermodynamic coupling
between convection and oscillations) is a damping mecha-
nism.
WLr can be expressed as a summation WLr = Wk +
Wrmd, where the two terms are defined as the following:
Wk =− pi
2Ek
∫ M0
0
Re
{
Γ3 − 1
4pir3ρ¯ω
[
Lr
d
d ln r
(
L′r
Lr
)
− l(l + 1)L′r,h
]
δρ¯∗
ρ¯
}
dMr, (14)
Wrmd = − pi
2Ek
∫ M0
0
Re
{
Γ3 − 1
4pir3ρ¯ω
L′r
Lr
dLr
d ln r
δρ¯∗
ρ¯
}
dMr. (15)
One should notice that,
L′r
Lr
= − (A+KP ) P
′
P
+ (4 +B −KT ) T
′
T
+
d
d lnT
≈ −
[
KT − 4−B + A+KP∇ad
]
T ′
T
. (16)
Inserting equation (16) into equation (15), the latter can
then be expressed approximately as
Wrmd ≈ pi
2Ek
∫ M0
0
Re
{
1
4pir3ρ¯ω
dLr
d ln r
[
KT − 4−B
+
A+KP
∇ad
]
T ′
T
δT ∗
T
}
dMr. (17)
Wk is exactly the κ-mechanism of accumulated work,
and Wrmd is what we referred as the radiative modulation
excitation (RME) in all our previous work (Xiong et al.
1998). The physics of RME is that, in a region with radiative
flux gradient, the flux will be modulated by oscillations and
will also oscillate. In a cycle of oscillation, a fraction of radia-
tive energy will be converted into kinetic energy of oscilla-
tions, which is why the term RME was named in our studies.
It may look like κ-mechanism as it is also related to opacities,
but it has distinct physics which makes it exist only in the
radiative region with flux gradient such as the top and bot-
tom of a convective envelope. At the top of convective zone,
KT −4−B+(A+KP ) /∇ad > 0, and dLr/d ln r > 0, and so
is the product of the terms, therefore the region is an excita-
tion zone of RME. For a star with low enough temperature,
the convective zone is very deep (deeper than the second
ionization zone of helium). At the bottom of the convection
zone, both KT − 4−B + (A+KP ) /∇ad and dLr/d ln r are
negative; the product of the two is again positive, and the
RME behaves also as an excitation.
RME in our theory has something to do with so-called
convective blocking (Guzik et al. 2000), but the differ-
ence between them is rather distinct. RME does not need
frozen-in convection as assumed in the latter (Warner et
al. 2003), neither does it require a convective motion time
scale much larger than that of stellar oscillations (Dupret
et al. 2004). In any circumstances, the only condition is
that [KT − 4−B + (A+KP ) /∇ad] dLr/d ln r > 0 to have
a RME. The other conclusion made for RME is that, when
the coupling between convection and oscillations is not taken
into account, it is impossible to predict the red edge of
the Cepheid and quasi-Cepheid instability strip theoreti-
cally. This is due to the fact that, for low-temperature red
stars with extended convective envelope, the ionization zones
of hydrogen and helium become fully convective, therefore
Lr/L 1 and the strength of the κ-mechanism due to ion-
ization of hydrogen and helium is negligible, Wk ≈ 0. When
neglecting the coupling between convection and oscillations,
Wdyn = WLc,t = 0, as a result W = Wdyn + WLc,t + Wk +
Wrad ≈Wrmd > 0. Fig. 15 depicts the accumulated work for
p3 and g2 modes as a function of depth for a star located
outside the red edge of the δ Scuti-γ Doradus instability
strip. It is shown that, in the radiative zones of radiative flux
gradient beyond the upper and lower boundaries of convec-
tive region, two prominent bumps emerge, which are due to
RME.
After thorough discussions of accumulated work, we
turn to work on the excitation and stabilization mechanism
of δ Scuti and γ Doradus stars. As the integral of accumu-
lated work is made from the centre outwards, a zone will
be an excitation one if accumulated work curve increases
toward surface. On the contrary, if the accumulated work
decreases outwards, it becomes a damping. Fig. 13 gives the
accumulated work of p3 mode (panel a) and g2 mode (panel
b) as a function of depth of a δ Scuti/γ Doradus hybrid in
the middle of the instability strip. This warm star has only
a very shallow hydrogen convective zone; the 1st and 2nd
ionization zones of helium are both convectively stable. The
layer below the ionized helium region is a radiative damping
zone; the primary excitation comes from the κ-mechanism
of the 2nd ionization zone of helium.
Fig. 14 displays the accumulated work of a cool star lo-
cated near the red edge of the δ Scuti-γ Doradus instability
strip. Inside such stars with extended convective envelopes,
convection takes over radiation and becomes the main en-
ergy transfer mechanism, and the coupling between convec-
tion and oscillations then becomes the primary excitation
and stabilization mechanism. In previous sections, we have
explained that turbulent pressure is in general an excitation
of oscillations, while turbulent thermal convection is always
a damping against oscillations, and this fact is illustrated
clearly in Figs. 13–14. When presenting the accumulated
work curves in the figures, the upper limits of the integra-
tions in equations (5)–(6) are regarded as variable Mr, there-
fore the accumulated work represents the total contributions
of gas pressure/turbulent pressure WPg (Mr)/WPt (Mr) of
the whole shell from the bottom boundary Mr = Mb to
Mr = Mr. When using stellar surface as the top boundary,
the results are WPg (M0) and WPt (M0) of the whole stellar
envelope Mb–M0, and the surface value (at W (M0)) of the
total accumulated work W = WPg + WPt equals the am-
plitude growth rate of oscillations η = −2piωi/ωr, where ωi
and ωr are respectively the imaginary and real parts of the
complex circular frequency ω = ωr + iωi. The calculations
of linear non-adiabatic oscillations in this work show that
W (M0) agrees with η very well, in most cases the deviation
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Figure 13. Accumulated work versus depth (logP ) for a model
of warm δ Scuti/γ Doradus hybrid (M = 2.0 M, logL/L =
1.5235, log Te = 3.8329). The solid lines are the total accumulated
work W = WPg + WPt . WPg (the long-dashed line) and WPt
(the dotted line) are respectively the gas and turbulent pressure
components. The dash-dotted lines are the fractional radiative
flux logLr/L. The horizontal lines indicate the locations of the
ionization regions of hydrogen and helium. Panel a: p3 mode.
Panel b: g2 mode.
between them is of the order of a few percent. This work
justifies in a straightforward way the linear non-adiabatic
calculations of oscillations.
As we just explained, no prediction of the red edge of
the instability strip of Cepheids and quasi-Cepheid stars can
be given if one ignores the coupling between convection and
Figure 14. Accumulated work versus depth (logP ) for a cool star
near the red edge of the δ Scuti-γ Doradus instability strip (M =
2.0 M, logL/L = 1.4286, log Te = 3.7579). All the symbols are
the same as Fig. 13. Panel a: p3 mode. Panel b: g2 mode.
oscillations. The physics is that the radiative κ-mechanism
is solely weakened when neglecting the coupling between
convection and oscillations, the RME radiative flux gradi-
ent zone in the upper and lower boundaries of a convective
region (see Fig. 15) makes all cool stars always pulsationally
unstable. When taking the coupling into account, however,
the cool stars become stable, and this then gives rise to the
red edge of the instability strip as seen in Fig. 2. Figs. 14a
and b show the accumulated work for a stellar model with
the coupling between convection and oscillations taken into
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Figure 15.Accumulated work versus depth for a cool star outside
the δ Scuti-γ Doradus instability strip, but the coupling between
convection and oscillations is not taken into account. The solid
and dotted lines are respectively g2 and p3 modes.
account, which are different from that shown in Fig. 15 when
the coupling between convection and oscillations is not con-
sidered. The driving around the bottom boundary of the
convective zone has almost disappeared. Such distinct prop-
erties are due to the damping effects induced by convective
flux (i.e. thermodynamic coupling between convection and
oscillations), described by equations (12) and (15).
A comparison between the accumulated work of δ Scuti
(panels a) and γ Doradus (panels b) stars in Figs. 13–14
demonstrates that there is hardly any sizable difference be-
tween the two types. Therefore it is reasonable to believe
that δ Scuti and γ Doradus stars are two subtypes of the
same class of variables: δ Scuti is a p-mode subtype, while γ
Doradus is a g-mode subtype of oscillators. The correspond-
ing instability strips of the two subtypes actually belong to a
greater δ Scuti–γ Doradus instability strip. The δ Scuti strip
is shifted towards blue colours with respect to that of γ Do-
radus within the greater unified instability strip, and the two
subtypes largely overlap with each other. In the common re-
gion we will find so-called δ Scuti/γ Doradus hybrids. Such a
phenomenon resembles the relation between RRc and RRab
stars in RR Lyrae variables in which double-mode RRd stars
are found in the overlapping area.
There are historical reasons to classify γ Doradus stars
as a distinct type of oscillators from δ Scuti stars. For
ground-based observations in old times, only the cool γ Do-
radus stars with large amplitudes could be detected. They
caught great attentions from observers because of their red
colour outside the well-known classical δ Scuti instability
strip and extraordinarily long periods. The long periods in-
ferred that they were oscillating in g modes, instead of typi-
cal p modes of δ Scuti stars. Further analysis based on their
location outside the red edge of δ Scuti instability strip made
people believe that they were not excited by traditional κ
mechanism. This then made convective blocking mechanism
(Guzik et al. 2000) a very popular picture. With the ground-
breaking discovery of a population of warm γ Doradus stars
from the Kepler mission (Balona et al. 2011), convective
blocking mechanism should be reviewed, at least it can-
not be responsible for the excitation of warm γ Doradus
stars whose convective envelopes are too shallow for such
mechanism to function efficiently, as shown in Fig. 13b. We
are therefore convinced that convective blocking mechanism
cannot be the common and only one excitation mechanism
for, at least, all γ Doradus stars. It may still work only for the
classical cool γ Doradus stars, if it will ever work as an exci-
tation. Using a time-dependent convection theory, Dupret et
al. (2005) calculated oscillations of a 1.6 M model, and con-
firmed that convective blocking mechanism was the driving
mechanism in γ Doradus. In the current work, we calcu-
lated non-adiabatic linear oscillations of stellar models with
M = 1.4–3.0 M using non-local and time-dependent con-
vection theory. We discovered that excitation does not come
from the bottom of the convective zones in either warm or
cool γ Doradus models. For warm γ Doradus stars, the exci-
tation is due to the second ionization zone (Fig. 13b) instead
of convective blocking usually seen as a bump on the accu-
mulated work curve near the bottom of the convective zone.
While for cool ones, there is neither any sign of a bump fea-
ture at the bottom of the convective zone (Fig. 14b), which
otherwise is the evidence of convective blocking. All of the
numerical results tend to support that there is no substan-
tial difference in excitation mechanism between δ Scuti and γ
Doradus, the only difference is that the γ Doradus instability
strip is slightly offset to a redder colour on the H-R diagram
with respect to that of δ Scuti. The true physical reason
responsible is that the oscillations tend to happen in the
surface layers for high-order modes. For low-order modes, g
modes especially, oscillations have larger amplitudes in deep
interior of stars. It is not difficult to understand why the red
edge of the instability strip changes with the radial order
of oscillation modes as shown in Fig. 5. The distribution of
amplitudes as a function of radial order of oscillation modes
leads to the location of instability strip changing also with
varying radial order of oscillation modes. Rather, such phe-
nomenon is quite common, such as RR Lyrae stars, where
RRc instability strip is observed to be bluer than that of
RRab.
5.2 Radiative damping in deep interior of stars
Our results on the excitation and classification of γ Doradus
stars are very different from the commonly accepted inter-
pretations. The main reason leading to such differences is
the employment of different convection theories. The cou-
pling between convection and oscillations becomes impor-
tant in the excitation and stabilization of oscillations in
low-temperature γ Doradus stars with extended convective
envelopes. The theoretical results on the non-adiabatic os-
cillations depend sensitively on the adopted convection the-
ory. Based on our experience, stellar stability is affected not
only by the time-dependent convection in the calculation of
non-adiabatic oscillations, but also by the convective non-
locality of equilibrium models. Unfortunately, we are unable
to carry out evolutionary calculations of intermediate- to
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low-mass stars under complete non-local convection. There-
fore non-local envelope models were used in the calculations
of non-adiabatic oscillations instead of full stellar models.
This makes little difference in the analysis of p-mode oscil-
lations. However, g-mode oscillations penetrate more deeply
into the radiative core, where radiative damping may have
non-negligible effects (Dupret et al. 2005). This raises con-
cern about the use of envelope models, which requires further
examination.
Fig. 16 shows the relative amplitude weighted by square
root of density as a function of temperature for g7 and p2
modes of a δ Scuti/γ Doradus model. Panel a and b show
respectively the core and surface regions, where the relative
amplitudes are normalised at the stellar surface (δr/R0 = 1).
From the comparison between panel a and panel b, one can
see that the relative amplitudes of p2 mode in the core and
surface regions are of the same order of magnitude, while
the relative amplitude of g7 mode in the core region is 2–3
orders of magnitude higher than in the surface region.
Fig. 17a shows the accumulated work as a function of
temperature for g7–p4 modes of the same stellar model.
As can be seen, the pulsationally stable high-order (g3–g7)
modes all have small amplitude growth rates; the damp-
ing mechanism is radiative damping from the deep interior.
However, g1 and p2 modes are unstable, and their amplitude
growth rates are 2–3 orders of magnitude higher than those
of g3–g7 modes, showing no visible radiative damping in
the core in Fig. 17a. A close-up inspection of the core region
(Fig. 17b) shows that there is radiative damping in the accu-
mulated work of g1 and p2 modes, which is of the same order
of magnitude (∼ 10−8) compared with high-order g modes.
It is similar to the result of Dupret et al. (2005) using full
stellar models. As can be seen in Fig. 17a, the excitation of
all unstable g and p modes comes from the stellar surface
region. The accumulated work is several orders of magni-
tude higher than radiative damping in the deep core region.
Radiative damping has almost no substantial influence on
the pulsational stability of these unstable modes.
It is worth pointing out that there is a sharp varia-
tion in the accumulated work at log T ∼ 5.4 in Fig. 17a,
resulting from the existence of a narrow convection zone at
the iron opacity bump (see also the small dip in Lr/L).
It causes perturbations in numerical calculations. The per-
turbation in the accumulated work becomes clear when the
amplitude growth rate |η| of the oscillation mode is small.
|η| is normally large for most p modes, thus the perturbation
is hardly visible, as in p2 mode in Fig. 17a. The perturba-
tion has little effect on the results of numerical calculations
of non-adiabatic oscillations, because the positive and neg-
ative parts almost cancel out, leaving nearly zero net work.
5.3 Effect of bottom depth on pulsation stability
In order to evaluate the effects of the depth of the bottom
boundary on the amplitude growth rate, we calculated lin-
ear non-adiabatic oscillations of the same 2.0 M non-local
envelope model with bottom boundary set at different depth
Tb = 8.0–6.0 × 106 K. Fig. 18 shows the amplitude growth
rates of g9–p10 modes in logarithmic scale as a function of
the radial order, where unstable modes are plotted using
open symbols, and stable modes using filled symbols. From
Fig. 18 we can draw some clear conclusions.
Figure 16. Relative amplitude weighted by square root of den-
sity as a function of temperature for g7 and p2 modes of a
δ Scuti/γ Doradus model (M = 2.0 M, logL/L = 1.4792,
log Te = 3.7769) in the core region (panel a) and surface region
(panel b). The solid and dotted lines are respectively the radial
and horizontal components of the relative amplitude of g7 mode.
The dashed and dash-dotted lines are respectively the radial and
horizontal components of the relative amplitude of p2 mode.
(i) The amplitude growth rates of p modes are basically
unaffected by the change of bottom boundary depth, because
the excitation and damping of p modes come mainly from
stellar outer layers. Changing the bottom boundary has little
influence on their eigenfunctions.
(ii) The amplitude growth rates of g modes are more
sensitive to the change of the bottom boundary depth. As
the bottom boundary moves outward, the amplitude growth
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Figure 17. Panel a: accumulated work as a function of tem-
perature for g7–p2 modes of the δ Scuti/γ Doradus model as in
Fig. 16. The alternate long and short dashed line is the fractional
radiative flux Lr/L. The horizontal lines indicate the locations of
the ionization regions of hydrogen and helium. Panel b: close-up
view of the core region.
rates of unstable g modes decrease, and the damping of sta-
ble g modes increases. This is because the excitation of un-
stable g modes still comes from stellar outer layers, and far
exceeds radiative damping from the deep interior, while sta-
ble g modes are dominated by radiative damping from the
deep region. When radiative damping in the interior over-
takes the excitation from the surface, the star becomes stable
against this mode (Fig. 19a). When the bottom boundary
moves outward, the whole resonance cavity moves outward,
Figure 18. Theoretical amplitude growth rate in logarithmic
scale log |η| versus the radial order n for the 2.0 M stellar model
with varying bottom depth. (Tb, rb/R0)=(8.0×106 K, 0.105) (cir-
cles), (7.5×106 K, 0.113) (triangles), (7.0×106 K, 0.123) (inverse
triangles), (6.5×106 K, 0.137) (squares), and (6.0×106 K, 0.147)
(diamonds). Open symbols are unstable modes (η > 0), and filled
symbols are stable modes (η < 0).
and the eigenfunction is also displaced outward. As a result,
the damping in the deep region increases (Fig. 19a), while
the excitation from the outer layers decreases (Fig. 19b).
(iii) Although the amplitude growth rate changes in value
as the bottom boundary moves, the stability or instability
of a mode does not change.
Although based on the analysis of a specific γ
Doradus/δ Scuti model, these conclusions generally hold.
Fig. 20 shows the amplitude growth rates of f–g9 modes as
a function of effective temperature for a sequence of 2.0 M
envelope models along the evolutionary track with bottom
boundary set at Tb = 8×106 K (panel a) and Tb = 6×106 K
(panel b). The comparison of panel a and panel b shows that
all the models follow these same rules.
6 SUMMARY AND DISCUSSIONS
Using a non-local and time-dependent convection theory, we
have calculated radial and low-degree non-radial oscillations
of the convective envelopes of stellar evolutionary models
with M = 1.4–3.0 M. The main results can be summarised
as follows.
(i) The linear stability analysis of g20–p29 modes is al-
most complete for stellar models with M = 1.4–3.0M. In
the logQ − log Te plane, unstable g and p modes form two
detached areas. The boundary between them is at Q ≈ 0.04.
For all unstable g modes, Q & 0.04, while for all unstable p
modes, Q . 0.04.
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Figure 19. Accumulated work as a function of temperature
for the 2.0 M stellar model with varying bottom depth Tb =
8.0 × 106 K (solid line), 7.5 × 106 K (dotted line), 7.0 × 106 K
(dashed line), 6.5 × 106 K (long-dashed line), and 6.0 × 106 K
(dash-dotted line). The fractional radiative flux Lr/L and loca-
tions of ionization regions are also shown. Panel a: g5 mode. Panel
b: g1 mode.
(ii) On the H-R diagram, unstable g and p modes are
located in two partially overlapped instability strips. The
g-mode instability strip is systematically redder than the
p-mode instability strip.
(iii) From the analysis of accumulated work, we find no
distinct difference in the excitation and stabilization be-
tween p and g modes. They are both due to the combination
Figure 20. Theoretical amplitude growth rates of f–g9 modes in
logarithmic scale as a function of effective temperature for an evo-
lutionary sequence of 2.0 M models. Open symbols are unstable
modes (η > 0), and filled symbols are stable modes (η < 0). Panel
a: the bottom boundary is at Tb = 8×106 K. Panel b: the bottom
boundary is at Tb = 6× 106 K.
of κ mechanism and the coupling between convection and os-
cillations. Radiative κ mechanism plays a major role in the
excitation of warm δ Scuti and γ Doradus stars, while the
coupling between convection and oscillations is responsible
for excitation and stabilization in cool stars.
Based on aforementioned results of linear non-adiabatic
oscillations, it seems reasonable to believe that there is no
essential difference between δ Scuti and γ Doradus stars.
They are just two subgroups of one broader type of δ Scuti-γ
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Doradus stars below the Cepheid instability strip: δ Scuti is
a p-mode subgroup, while γ Doradus is a g-mode subgroup.
Within the instability strip, most of the variable stars may
be hybrids pulsating in both p and g modes. The connections
among them are very similar to that among RRab, RRc, and
RRd.
Clearly, our interpretation of the excitation and stabi-
lization is quite different from the mainstream view as a
result of the employment of the non-local time-dependent
convection theory. Moreover, we used non-local convection
envelope models in the calculation of non-adiabatic oscil-
lations, instead of full stellar models. This is because the
effects of non-local convection is crucial to the pulsational
stability of stars. These effects exist not only in the time-
dependent convection in the calculation of oscillations, but
also in the calculation of equilibrium structure of convective
envelopes. We carefully studied the influences of radiative
damping in stellar deep interior and the depth of bottom
boundary on the stability calculations of stellar oscillations.
Our results show that:
(i) The excitation and damping of all p modes and un-
stable g modes come mainly from the outer layers of stars.
Radiative damping in the deep region is relatively small,
therefore its influence on the pulsational stability is negligi-
ble.
(ii) Radiative damping in stellar deep regions is the main
damping mechanism of stable g modes.
(iii) As the bottom boundary moves outward, the am-
plitude growth rates of unstable modes decrease, and the
damping of stable modes increases. However, the pulsational
stability or instability of a specific mode does not change.
If the bottom boundary is not set deep enough, the exci-
tation from the outer layers will be underestimated in the
calculations of non-adiabatic oscillations, while the radiative
damping in the deep region will be overestimated. As a re-
sult, the amplitude growth rates decrease, but do not change
signs.
All the results in this work are based on chemically uni-
form envelope models. Unless there exists unusually large
damping in the nuclear-reacting core, it is not likely that
the use of full stellar models will cause radial changes to the
results. We expect to carry out further examinations with
full models in near future.
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